Integration of geophysical and geological data show that the Yellowstone hotspot resulted from a mantle plume interacting with the overriding North America plate, a process that has highly modified continental lithosphere by magmatic and tectonic processes and produced the 16-17 Ma, 700-km-long Yellowstone-Snake River Plain (YSRP) silicic volcanic system. Accessibility of the YSRP allowed large-scale geophysical projects to seismically image the hotspot and evaluate its kinematic properties using geodetic measurements. Seismic tomography reveals a crustal magma reservoir of 8% to 15% melt, 6 km to 16 km deep, beneath the Yellowstone caldera. An upper-mantle low-P-wave-velocity body extends vertically from 80 km to 250 km beneath Yellowstone, but the anomalous body tilts 60°WNW and extends to 660 km depth into the mantle transition zone. We interpret this conduit-shaped low-velocity body as a plume of up to -3.5% Vp and -5.5% Vs perturbation that corresponds to a 1-2% partial melt. Models of whole mantle convection reveal eastward upper-mantle flow beneath Yellowstone at relatively high rates of 5 cm/yr that deflects the ascending plume into its west-tilted geometry. A geodynamic model of the Yellowstone plume constrained by Vp and Vs velocities and attenuation parameters suggests low excess temperatures of up to 120 K, corresponding to a maximum 2.5% melt, and a small buoyancy flux of 0.25 Mg/s, i.e., properties of a cool, weak plume. The buoyancy flux is many times smaller than for oceanic plumes, nonetheless, plume buoyancy has produced ã 400-km-wide,~500-m-high topographic swell centered on the Yellowstone Plateau. Contemporary deformation derived from GPS measurements reveals SW extension of 2-3 mm/yr across the Yellowstone Plateau, one-fourth of the total Basin-Range opening rate, which we consider to be part of Basin-Range intraplate extension. Locally, decadal episodes of subsidence and uplift, averaging~2 cm/yr, characterize the 80-year Yellowstone caldera monitored history and are modeled as hydrothermal-magmatic sources. Moreover a recent episode, 2004-2009, of accelerated uplift of the Yellowstone caldera at rates up to 7 cm/yr has been modeled as resulting from magmatic recharge of a 10-km-deep sill at the top of the crustal magma reservoir. Regionally, gravitational potential energy of the Yellowstone swell drives the lithosphere southwest and "downhill" from the Yellowstone Plateau 400 km where it coalesces with Basin-Range province-wide westward extension. Based on the geometry and its assumed 660 km depth, we extrapolate the plume source southwest to its original location at 17 Ma and 600 km southwest and 200 km north of the YSRP. Importantly, this location is beneath the southern part of the Columbia Plateau flood basalt field of the same age and implies that the Yellowstone mantle plume may be the common source for both of these large volcanic fields. Our timeprogression model suggests that the original plume head rose vertically behind the Juan de Fuca plate, but at 12 Ma it lost the protection of the subducting plate from eastward mantle flow and encountered cooler, thicker continental lithosphere, becoming entrained in eastward upper-mantle flow. These results reveal that Yellowstone plume-plate processes have had a profound effect on Late Cenozoic geologic evolution and topography of a large part of the western U.S.
Introduction
In its isolation from a plate boundary, the Yellowstone hotspot is a classic example of a continental hotspot. It is responsible for creating the age-transgressive 700-km-long Yellowstone-Snake River Plain (YSRP) silicic volcanic province over the last~17 Ma and has systematically modified the composition and strength of the overriding North America plate (Figs. 1, 2) (Morgan, 1971 (Morgan, , 1972 Matthews and Anderson, 1973; Smith and Sbar, 1974; Armstrong et al., 1975; Smith, 1977; Bonnichsen, 1982; Leeman, 1982; Morgan et al., 1984; Morgan, 1990, 1992; Kuntz et al., 1992; Smith and Braile, 1994; Morgan et al. 1995; DeNosaquo et al., 2009-this volume) . However the sub-lithospheric structure of the YSRP and hotspot-related magmatic processes have been poorly understood largely because of the lack of definitive data (e.g., Morgan, 1972; Smith and Sbar, 1974; Eaton et al., 1975; Anders et al., 1989; Morgan, 1990, 1992; Christiansen et al., 2002) .
The first part of this paper describes the geophysical and geological signature of the active part of the YSRP, the 2.05-Ma Yellowstone Plateau volcanic field, centered at Yellowstone National Park (hereafter termed Yellowstone, Fig. 3 ) and how its tectono-magmatic processes have played a key role in the Cenozoic evolution of the western U.S. (Boyd, 1961; Christiansen, 1972; Smith and Sbar, 1974; Smith, 1977; Christiansen, 1984; Pierce and Morgan, 1990; Draper, Fig. 1 . Gravity signatures of global hotspots. (a) Global free-air gravity anomaly of some notable hotspots including Hawaii, Iceland, and Yellowstone in mGal (Tapley et al., 2005) . These anomalies have wavelengths the order of 1000 km long and relative amplitudes of + 20 to + 40 mGal; and (b) North America geoid map (Roman et al., 2004) showing the Yellowstone geoid anomaly. Yellowstone has a~500-km-wide topographic swell.
1991; Pierce and Morgan, 1992; Smith and Braile, 1994; Parsons et al., 1994; Christiansen, 2001) . We then present new seismic images and a geodynamic model for an upper mantle plume that accounts for the dynamics of the YSRP. We discuss the intraplate kinematics of the YSRP from GPS measurements and use derived seismic velocity data to constrain mantle density structure by modeling the Yellowstone geoid anomaly. We then evaluate the large-scale properties of wholemantle convection of the western hemisphere and examine how mantle flow has influenced the geometry and location of the Yellowstone hotspot as well as the dynamics of the modeled uppermantle plume. Our discussion concludes by speculating on the 17-Ma history of the Yellowstone plume by extrapolating the North America plate backward in time and space over its upper mantle source to a location that coincides with a mantle magma source location common to the YSRP, the High Lava Plains, and the large igneous province (LIP) Columbia Plateau flood basalt field features.
A number of questions on the origin of the Yellowstone hotspot are discussed: (1) is the upper-mantle conduit-shaped low-velocitybody beneath Yellowstone a plume? (2) How much of its physical properties result from upper mantle flow and plume-plate interaction processes? (3) How does mantle flow affect the geometry of the plume? (4) Does Basin-Range lithospheric extension amplify Yellowstone volcanism? We address these questions as basic objectives of this paper. We note that our study emphasizes that Yellowstone is a unique "window" into Earth's processes providing a key view of lithospheric magmatism, plate construction and destruction, contemporary deformation, etc., leaving a well defined signature that can be compared with hotspot-plate interactions around the globe (e.g., Crough, 1983; Davies, 1988; Richards et al., 1989; Anders and Sleep, 1992; Courtillot et al., 2003; Burov and Guillou-Frottier, 2005) .
It is important to note that the terms melt and hotspot anomalies have been employed by some authors (see Foulger et al., 2005 for a summary) for low-velocity mantle features that are not necessarily ascribed to a plume. In our paper, we accept the term plume for our imaged low-velocity upper-mantle -body as a conduit of buoyantly ascending melt. This definition is in other mantle studies (Condie, 2001 ) and will be discussed in later sections.
Hotspots and plumes
Largely because of their presumed association with the Earth's deep interior, plumes of ascending magma are commonly thought of as the sources of volcanic hotspots, i.e. areas of long-lived concentrated volcanism (Wilson, 1963; Dietz and Holden; 1970 , Morgan, 1971 Crough, 1978) . While most of Earth's volcanism is associated with plate boundaries, including mid-ocean ridges and subduction zones, some hotspots such as Yellowstone occur within a continental plate (Fig. 1) .
Yellowstone is an example of a continental hotspot that is located 1600 km east of the western North American plate boundary. Earliest quantitative models of the Yellowstone hotspot and its hypothesized interaction with the North American and Juan de Fuca plates were constructed by calculating the intraplate vector motions made by Smith and Sbar (1974) . They determined an apparent rate of 2.8 cm/yr Smith and Siegel, 2000) showing the relative motion of age-transgressive ESRP silicic volcanic centers (Armstrong et al., 1975; Smith and Braile, 1984; Morgan, 1990, 1992; Kuntz et al., 1992; Smith and Braile, 1994; Perkins and Nash, 2002) opposite to the direction of North America plate motion (large arrow) (Smith and Sbar, 1974) . The topographically low area occupied by the Snake River Plain is outlined in green. Centers of post-17 Ma silicic volcanism (in yellow) contain multiple caldera-forming eruptions (Christiansen, 1984 (Christiansen, , 2001 ). The area of Columbia River flood basalts is gray (Perkins and Nash, 2002) . Red dots are historic earthquake epicenters taken from compilations of the University of Utah of M1.5 -7.5 earthquakes. Black lines show late Quaternary faults; Cenozoic basaltic dikes (age in Ma) are shown in yellow and orange (Zoback and Thompson, 1978; Camp, 1995; Glen and Ponce, 2002) .
87 Sr/ 86 Sr isotope boundary for the 0.706 values is shown as a black-dashed line and is interpreted to separate continental lithosphere to the east and oceanic lithosphere to the west (Armstrong et al., 1977; Farmer and DePaolo, 1983) . The tectonic parabola is defined by the bowshaped pattern of high topography and seismicity surrounding the YSRP (yellow dashed lines) Smith and Arabasz, 1991; Anders and Sleep, 1992) . The Newberry trend of silicic volcanism extends NW across southeast Oregon to the Newberry caldera (N) (MacLeod et al., 1976). of plate motion at Yellowstone with an azimuth of~247°using a pole of rotation for the North American plate given by Atwater (1970) . This plate motion value was nearly identical to the direction determined by Armstrong et al. (1975 Armstrong et al. ( , 1977 for the apparent motion of silicic age progression of the YSRP. Smith and Sbar (1974) also speculated on the process of plate-plume interaction, i.e. basal lithospheric shearing that accelerated the overriding plate in southwest direction and added a component of plate retardation to the northeast due to a small component shear traction in front of the plume. In addition, Smith and Sbar (1974) and Smith (1977) showed that the contemporary stress field of the YSRP, determined by focal mechanisms of moderate to large western U.S. earthquakes and Late Quaternary fault orientations, was consistent with regional NW-SE extensional strain. Their model emphasized the importance of uppermantle and plume-plate interactions for the Yellowstone hotspot and its effect over a large area of the western U.S.
Hotspots have distinct physical properties. The most notable features are linear, time-transgressive volcanic chains and broad topographic swells (Morgan, 1972; Crough, 1983; Davies, 1988; Sleep, 1990 Sleep, , 1992 Burov and Guillou-Frottier, 2005; Ito and van Keken, 2007) . Topographic swells result from hot buoyant material at the base of the plate (Crough, 1978 (Crough, , 1983 Burov et al., 2007) . Combined with the low-density plume, topographic swells result in a mass deficit at the hotspot that can produce notable gravity and geoid anomalies such as those that characterize Yellowstone (Richards et al., 1988; Waschbusch and McNutt, 1994) .
The significance of some important hotspots are also seen in the Earth's gravity field (Tapley et al., 2005) , where notable longwavelength positive anomalies, in excess of 800 km, are associated with the Hawaii, Iceland, and Yellowstone hotspots (Fig. 1) . The amplitude of the long-wavelength Yellowstone gravity anomaly of 35 mGal is thought to reflect reduced density of the lithosphere and asthenosphere across the~800-km width of the hotspot. Moreover, the Yellowstone hotspot is associated with a strong geoid anomaly of + 15 m compared to the surrounding region over an 800-km width, similar to dimensions of oceanic hotspot swells (Fig. 1 ). An interpretation of the geoid anomaly is important because it represents an amalgam of isostatically uncompensated high topography and a broad zone of lithospheric-asthenospheric low-density material.
In traditional geologic thinking, plumes ascend vertically from the core-mantle boundary to the base of the lithosphere (Morgan, 1971 (Morgan, , 1972 . But new models (Steinberger et al., 2004) predict that plumes can rise upward along curved paths following the directions of convective mantle flow and may not necessarily have a core-mantle boundary source. Thus, hotspots are not necessarily fixed and horizontal mantle flow can tilt a plume, as we discuss in Section 4.6.
We note that the plume hypothesis has been conjectural, in part because plumes have not been reliably imaged by seismic tomography or other direct methods. Practical limitations have been related to the lateral extent and density of seismic stations and the frequency content of seismic data required for tomographic inversion, which have prevented the resolution required to resolve anomalous low-wavevelocity bodies deeper than~1000 km and less than~100 km in diameter (see summary by Nolet et al., 2007) . We will describe how the portable seismic array of the Yellowstone Geodynamic project was specifically designed to provide the necessary information to resolve the velocity structure of the upper mantle associated with the Yellowstone hotspot.
There are multiple ideas on the origin of plumes (Courtillot et al., 2003) . One hypothesis argues that they form as upwellings associated with upper mantle convection, i.e. from the bottom of the transition zone at the 660-km discontinuity that separates the upper and lower mantle (Malamud and Turcotte, 1999) . Another theory is that plumes originate in the lower mantle as a feature of whole-mantle convection (Morgan, 1971 (Morgan, , 1972 Olson et al., 1987; Courtillot et al., 2003) . And some authors (Anderson, 2000; Foulger, 2002; Foulger et al., 2005) argue that plumes do not exist at all, but are associated with volcanism related to shallow processes such as intraplate deformation resulting from the non-rigidity of plates, and to compositional variability in the upper mantle from de-homogenizing processes at ridges and subduction zones.
In particular Christiansen et al. (2002) argued against a plume origin for Yellowstone based on seismic data from a portable seismic array to image velocity variations at depths into the upper mantle. However their study provided limited seismic data over a sparse array with maximum width of~600 km length and with shortperiod seismometers. Moreover this system could not fully respond to the longer-period P and S waves that are required for modern tomographic imaging and advanced imaging algorithms. See discussion in Section 6.
We also note that the northwest time-progression of the Newberry silicic volcanic system and the Oregon High Lava Plains (Jordan et al., 2004; Camp and Ross, 2004) (Fig. 2) has been argued by some as a "mirror" image of the volcanic processes of the YSRP. However, we will not include a discussion of this volcanic system as it is beyond the scope of our study.
The Yellowstone Geodynamics Project
Because of Yellowstone's accessibility, large-scale geophysical experiments have provided key data on the YSRP. The data acquisition component of the Yellowstone Geodynamics Project was implemented from 1999 to 2005 and included extensive seismic and GPS field surveys followed by processing, analysis, modeling, and integrated interpretation of the seismic and geodetic data. The field phase of the project deployed a temporary 80-station broadband and short-period array (50 temporary IRIS-PASSCAL stations and a special 30-station IRIS-PASSCAL telemetered array) over an area~800 km in diameter centered on Yellowstone (Fig. 4) with station spacing of~20 km to 35 km (see Waite et al., 2005 for a detailed description of the seismic monitoring). The data sets were augmented with seismic data from five regional seismic networks in Montana, Wyoming, Idaho and Utah.
For assessing kinematics of the Yellowstone hotspot, 15 permanent GPS stations were installed in Yellowstone and the eastern Snake River Plain (ESRP) between 1996 and 2003, and 160 temporarily occupied GPS sites were observed between 1987 and 2003 ( Fig. 4 ) (see Puskas et al., 2007 for a detailed description of the geodetic (Waite et al., 2006; Puskas et al., 2007) . Note the linear distribution of stations in 600-km long arrays with a NW azimuth designed to best record earthquakes at teleseismic distances (> 1000 km) from the major seismic belts of the western Pacific and South America. Abbreviations are ESRP = eastern Snake River Plain; BR = Basin and Range. monitoring). GPS data from the University of Utah and EarthScope PBO networks were also used.
Prior mantle plume studies
Most previous, large-scale tomographic studies have relied on permanent and temporary deployments of seismic stations that recorded teleseismic earthquakes, e.g., at Iceland, Hawaii, and the Eifel volcanic field, Europe (e.g., Ritter et al., 2001; Allen et al., 2002; Laske et al., 2006; Wolfe et al., 2008, respectively) . Images from these studies reveal low P-wave velocity bodies beneath the associated areas of active volcanism but could not reliably resolve plume-like bodies at depths greater than~400 km. The main limitation of these studies was the limited aperture width, seismometer bandwidth, and station density that did not have sufficient station-spacing to resolve seismic arrivals over the range of incidence angles required to sample deep-mantle velocity anomalies.
Early tomographic studies of the lithosphere and asthenosphere beneath the ESRP revealed a complex lithospheric velocity structure related to partial melting. The process of bimodal rhyolite-basaltic volcanism left a mid-crustal, high-density, high-velocity mafic sill Annen et al., 2006; Shervais et al., 2006; Shervais and Hanan, 2008; Stachnik et al., 2008; DeNosaquo et al., 2009-this volume) . Saltzer and Humphreys (1997) used teleseismic data to infer mafic crustal underplating along the ESRP associated with past hotspot volcanism. The earliest tomographic studies of Yellowstone used sparse and relatively small seismic networks (Iyer et al., 1981; Kissling, 1988; Christiansen et al., 2002 ) that did not have sufficient aperture width or seismometer bandwidth to resolve images deeper thañ 300 km. More recent work suggests that a narrow, conduit-shaped, low-velocity feature interpreted as a plume extends from the upper mantle into the top of the mantle transition zone (Yuan and Dueker, 2005; Smith et al., 2005; Waite et al., 2006; Allen, 2007, 2009) . The velocity anomaly is strongest at depths of 50 to 200 km with peak anomalies of -3% for V p and -5.5% for V s (Waite et al., 2006) . The velocity reductions are interpreted to represent 1-2% partial melt at excess temperatures of 55-120 K, a relatively cool plume (Jordan, et al. 2004 Waite et al., 2005; . Anisotropy studies employing teleseismic shear-wave splitting measurements of the YSRP revealed an upper mantle that was not significantly perturbed by a mantle plume except for small anisotropy perturbations around Yellowstone. This led Waite et al. (2005) to conclude that a weak plume was responsible for the Yellowstone hotspot.
Geochemical models for Yellowstone suggest that the mantle transition zone, which separates the upper from the lower mantle, tends to be thinner when the hot rock of a plume intersects it, raising the 660-km discontinuity to shallower depths and depressing the 410-km discontinuity (Bina and Helffrich, 1994) . Seismic receiver function analysis of the YSRP showed that the 410-km discontinuity deepens by 10-km near the intersection of the low-velocity anomaly identified by Yuan and Dueker (2005) and Waite et al. (2006) and that the 660-km discontinuity shallows by~20 km beneath Yellowstone, a property that we used as a constraint for the tomography and dynamic modeling of the plume properties.
Volcano-tectonic setting of Yellowstone
Yellowstone hotspot volcanism is superimposed on the tectonics of the 30 Ma Basin and Range province, an 800-km-wide intraplate region of the western U.S. characterized by dominant normal to oblique-slip faulting and lithospheric extension. This extensional regime is considered to be driven by the gravitational collapse of a thickened lithosphere in response to cessation of subduction at the southwest plate margin and the development of the Pacific-North America transform boundary (Atwater and Stock, 1988; Jones et al., 1996; Sonder and Jones, 1999; Dickinson, 2004) . The YSRP lithosphere is thus affected by a combination of regional tectonic extension and magmatic processes.
The Yellowstone hotspot has been the source of voluminous rhyolite tuffs and lavas with eruptions often having volumes of hundreds to thousands of cubic kilometers and representing some of the largest Quaternary eruptions on Earth (Christiansen, 1984 (Christiansen, , 2001 Mason et al., 2004; Morgan and McIntosh, 2005; Bonnichsen et al., 2008) , with more than 140 giant silicic eruptions identified by the tephrachronology of ash-fall tuffs associated with the YSRP (Perkins and Nash, 2002) . Three caldera-forming explosive eruptions at 2.05, 1.3, and 0.64 Ma formed the currently active Yellowstone Plateau volcanic field (Boyd, 1961; Christiansen, 2001 , Christiansen et al., 2007 (Figs. 2, 5 ). More than 50 post-caldera rhyolite flows have since covered the Yellowstone Plateau, with the youngest at 70,000 ka in the southwest caldera (Christiansen, 2001; Christiansen et al., 2007) .
The sub-crustal heat source fueling Yellowstone's extensive volcanism is also responsible for producing the high heat flow of the YSRP that stands out regionally amongst the thermal provinces of North America (Brott et al., 1981; Blackwell, 1989; Blackwell et al., 2006) . The averaged regional heat flux of the Snake River Plain is~1 50 mWm -2 , about 30% higher than the Basin-Range to the south and three times higher than the background flux of the Rocky Mountains to the east (Fig. 6 ). But the extraordinarily high heat flow of 2,000 mWm -2 of the Yellowstone Plateau is more than 30-40 times the average heat flow of continents (Fournier, 1989; Blackwell and Richards, 2004) . About 25% of the total flux is thought to be due to conductive heat transfer from crustal magma sources (to be discussed later and in DeNosaquo et al., 2009-this volume) that in turn is fed by magmas from the Yellowstone mantle plume. Throughout Yellowstone, heat flow is variable because it is highly affected by shallow convective hydrothermal fluid flow and shallow magma migration (Fournier, 1989 ) (see DeNosaquo et al., 2009-this volume , for a discussion of densities and the influence of heat flow of the YSRP).
Compared to the Columbia River and contemporaneous Steens Basalts of Oregon, the Yellowstone-Snake River olivine tholeiitic basalts and high-alumina olivine tholeiitic basalts of the High Lava Plains have: (1) a major contribution from depleted (MORB-like) mantle (Hart and Carlson, 1987; Carlson and Hart, 1988) ; and (2) a sub-continental lithospheric mantle component (Leeman, 1982; Hart and Carlson, 1987) . In addition, a primitive mantle component commonly associated with the lower mantle is evidenced by elevated 3 He/ 4 He values of hydrothermal waters and radiogenic isotope signatures of Yellowstone basalts (Craig et al., 1978; Doe et al., 1982; Leeman, 1982; Kennedy et al., 1985; Graham et al., 2009-this volume; Leeman et al., 2009-this volume) . These petrologic and geochemical data thus suggest a sub-crustal magmatic origin with contributions ; and (c) very high heatflow of Yellowstone Lake ranges from~100 mWm -2 to extraordinarily high 30,000 mWm -2 (after Blackwell and Richards, 2004) .
from the mantle, a depleted asthenosphere, and old continental lithosphere, and importantly require unusually high-temperature melt. The relationship of the Yellowstone hotspot volcanic rocks to the voluminous LIP (Large Igneous Province) Columbia River 17-Ma basalt volcanism is problematic. While flood basalts are commonly associated with the onset of hotspot activity, the Columbia River basalts are less voluminous than most flood basalt provinces. They are located north of the commonly projected trace of the Yellowstone hotspot, and are only the most active part of a long, narrow zone of nearly simultaneously active basaltic fissures that extend south into central Nevada (Fig. 2) (Zoback and Thompson, 1978; Armstrong, 1978; Morgan, 1990, 1992; Camp, 1995; Glen and Ponce, 2002) .
Yellowstone seismicity
The Yellowstone region is one of the most seismically active areas of the western U.S. It occupies the central part of the Intermountain Seismic Belt (ISB) (Smith and Sbar, 1974; Smith and Arabasz, 1991) that separates the active tectonism of the western U.S. from the stable part of the North America plate. Seismicity associated with the YSRP is associated with the parabola-shaped pattern of earthquakes surrounding the ESRP: a tectonic parabola that includes high topography and active faulting (Anders et al., 1989; Anders and Sleep, 1992; Braile, 1993, 1994) . The ESRP is seismically quiescent at the M3+ level and lacks faulting but has notable Late Quaternary basaltic dikes of similar orientation to regional faults ( Fig. 2) (Smith and Sbar, 1974; Rodgers et al., 1990; Kuntz et al., 1992; Smith et al., 1996; Parsons et al., 1998) .
The Yellowstone seismic network from which we have obtained data for this study spans the entire Yellowstone Plateau (Fig. 7) . It has recorded more than 30,000 earthquakes between 1973 and 2008 (Fig. 8) , most of which had magnitudes less than 4 .
The largest historic earthquake in the western U.S. interior, the deadly August 1959 M S 7.5 Hebgen Lake, Montana, earthquake, occurred 25 km northwest of the Yellowstone caldera (Myers and Hamilton, 1964; Smith and Sbar, 1974; Doser, 1985) (Fig. 8) . The Hebgen Lake earthquake broke along a pair of west-trending normal faults totaling 40 km in length with up to 5.7 m of slip and resulted in the deaths of 28 people. In contrast, the Yellowstone caldera is characterized by frequent but smaller earthquakes, most often occurring in swarms (Farrell et al., 2009-this volume) . The M L 6.1 Norris Junction earthquake in 1975 (Pitt et al., 1979) was also the largest recorded event to occur within the Yellowstone caldera (Fig. 8) .
The precisely relocated earthquakes for events between 1972 and 2007 Farrell et al., 2009-this volume) and recalculated magnitudes for events between 1984 and 2007 (Pechmann et al., 2007) permit a detailed evaluation of the historic seismicity. The most intense seismicity occurs between the Hebgen Lake fault and the northern rim of the Yellowstone caldera (Fig. 8) . It is important to note that the cumulative seismic moment release in this region is an order of magnitude higher than inside the Yellowstone caldera , implying the dominance of aeismic mechanisms for the caldera.
Epicenters in the northwestern part of Yellowstone form two bands: one extending in an E-W direction from Hebgen Lake to Norris Geyser Basin, the other extending in a general NW-SE direction from Hebgen Lake to the northern rim of the Yellowstone caldera (Fig. 8) .
The majority of earthquakes in this area occur between 5 and 10 km depth but focal depths >12 km are observed close to Hebgen Lake (Fig. 9) .
Many of the earthquakes north of the caldera were associated with identified earthquake swarms (Waite, 1999; Farrell et al., 2009-this volume). The largest historic swarm in Yellowstone began in October 1985 in the area northwest of the Yellowstone caldera (Waite and Smith, 2002 ) (see discussion in section 3.4).
Earthquakes in the Yellowstone region generally correlate with the Late Quaternary faults such as the Hebgen, Madison, and Gallatin faults (Smith and Arabasz, 1991; Miller and Smith, 1999) . Some of the faults have been mapped and dated (Figs. 5 and 8) , but many seismogenic structures may have been buried by the post-caldera rhyolite flows yet still act as zones of weakness (Christiansen, 2001) .
Seismicity of the Yellowstone caldera is characterized by shallow hypocenters with identified time-space clusters of earthquakes ( Fig. 9) (Farrell et al., 2009-this volume) . The central part of the caldera has relatively low seismicity, and no distinct seismic patterns are associated with the Mallard Lake or the Sour Creek resurgent domes. The majority of hypocenters in the caldera are less than 5 km deep, with notable northwest-southeast-trending zones that parallel the post-caldera volcanic vents (Fig. 5) . Some of the intra-caldera earthquakes are associated with hydrothermal areas such as Upper and Lower Geyser Basins, West Thumb Geyser Basin, the central part of the Yellowstone Lake, and the Mud Volcano area (Fig. 8) .
Effects of high temperature on earthquake focal depths
Lateral variations of Yellowstone caldera focal depths reflect variations in the depth to the brittle-ductile transition (after Smith and Bruhn, 1984) . In Fig. 9 , we show the 80 th percentile maximum depth of earthquakes as the brittle-ductile isosurface of constant temperature. Assuming the brittle-ductile transition temperature of 400-500°C for extensional tectonic regimes allows estimates of the conductive temperature gradient. This distinctive shallowing of the seismogenic layer beneath the caldera is attributed to high temperatures that reduce the strength of the rock, transforming it from brittle to ductile behavior above a shallow high-temperature source, namely a crustal magma reservoir (Smith, 1978) . Within the caldera, the crust appears to behave in a quasi-plastic manner at depths exceeding 4-5 km at temperatures greater than 350°C to 450°C as determined from petrological constraints (DeNosaquo et al., 2009) . Such high-temperature rocks are incapable of sustaining shear stresses on faults (Smith and Bruhn, 1984) . The maximum focal depths of~15 km occur about 10 km from the west side of the caldera and correspond to a conductive thermal gradient of~26°C/km. Inside the caldera, the average 80th percentile depth is 4 to 6 km and corresponds to a gradient of 110°C/km to 65°C/km. These values are considered a proxy for the conductive component of heat flow and would correspond to heat flow values of 250 mWm -2 , while a corresponding convective heat flow of 1750 mWm -2 would be required to produce the total observed heat flow of~2000 mWm -2 .
The relative magnitude of thermal convective heat transport is specified by the Nusselt number, defined as the ratio of the convective to conductive heat flow. For Yellowstone, the Nusselt number of . Epicenters are located by employing a non-linear probabilistic earthquake location technique and a three-dimensional P-wave velocity model . Locations of the M7.5 1959 Hebgen Lake Mt and the 1975 M6.1 Norris Jct earthquakes are highlighted by a red star and large circle, respectively. Yellow stars denote the locations of post-caldera, < 640,000-year-old -volcanic vents (Christiansen, 2001 ).
8 compares with the Nusselt number calculated for the Long Valley caldera, California, of 6 to 8 (Hill, 1992) and demonstrates the high thermal energy of this active hydrothermal system.
Crustal structure
The initial studies of Yellowstone crustal structure included earthquake and Curie depth determinations that revealed a shallow crustal heat source and focal mechanisms consistent with general crustal extension of the Yellowstone Plateau .
Controlled source seismic studies Schilly et al., 1982; Lehman et al., 1982 ) revealed but could not discern the shape or depth of low velocity upper crustal source. These studies revealed a relatively homogenous lower crust to 40 km deep that was similar to that of the surrounding lithosphere not affected by lower crustal magmatism.
The three-dimensional (3D) P-wave velocity and P-to S-wave velocity ratio structure of Yellowstone has been determined using local-earthquake body-wave tomography from data of the Yellowstone seismic network by Miller and Smith (1999) and to confirm the existence of a low-V p body at depths from 8 km to the maximum depth of resolution of~16 km (Fig. 10 ). The body is interpreted as hot, crystallizing magma beneath the Yellowstone caldera, i.e., Yellowstone's main magma reservoir.
The low-velocity body, directly beneath the Yellowstone caldera, suggests that it is the source of Yellowstone's volcanism. Its apparent upward U-shape, with the shallowest part of the velocity beneath the two resurgent domes, may be in part due to the lack of resolution between the shallowest bodies, or it may reflect shallow magma conduits that feed the resurgent domes. For a maximum V p reduction of~6 %, the corresponding melt fraction is up to 15%.
This seismic image of the magma reservoir is consistent with a geochemical model by Lowenstern and Hurwitz (2008) that suggests magma rises closest to the surface (5-7 km depth) beneath the resurgent domes. Their model, based on CO 2 flux and heat flow, requires continued intrusion of plume-derived basalt to sustain the silicic, upper-crustal magmatic system responsible for Yellowstone's youthful volcanism.
Contemporary stress field
The contemporary stress field that drives Yellowstone deformation is determined from geological and geophysical studies of the region (Zoback and Zoback, 1991; Nabelek and Xia, 1995; Smith et al., 1996 . Isosurfaces of anomalously low (-1.8%) P-wave velocity bodies are determined from local earthquake tomography of the Yellowstone caldera that reveals the Yellowstone magma reservoir. The shallow anomaly plotted in blue is interpreted to be a gas-saturated body. The red anomaly is interpreted to be 5% to 15% partial melt corresponding to a crystallizing magma body that feeds the surface silicic and basaltic magmatism of Yellowstone (from . The outline of Yellowstone National Park (black), the Yellowstone caldera (blue), and resurgent domes (dark blue shaded regions) are projected at the top and bottom of the plot.
shows a summary of horizontal extensional strain and tensional stress directions. For simplicity, we will assume that the minimum principal stress directions and focal mechanism T-axes are the directions of maximum lithospheric extension. Crustal extension dominates the regional deformation pattern. Extension directions are generally NNE-SSW immediately south of Yellowstone (White et al., 2009-this volume) and E-W from the Teton Range south into southeastern Idaho. North and west of Yellowstone, extension is dominantly NE-SW except in the vicinity of the 1959 Hebgen Lake earthquake where it is N-S or NNE-SSW.
A clear rotation in extension direction across the Yellowstone Plateau is evident from the focal mechanism data. T-axes and minimum principal stress directions from focal mechanism inversion are generally N-S, west of Yellowstone, but rotate to NNE-SSW north of the Yellowstone caldera and then abruptly rotate to NE-SW at Norris .
We also note that NW-SE alignments of post-caldera volcanic vents within the caldera likely represent zones of weakness related to structures predating the 2.05 Ma Yellowstone volcanic system (Ruppel, 1972; Christiansen, 2001; Waite and Smith, 2004) . The north to northwest vent alignments appear to link normal faults south of the caldera with normal faults to the north. For example, the Gallatin fault and the Red Mountain fault zone may be linked by the NW-SE trending alignment of vents that extend through the central caldera.
Crustal deformation of the Yellowstone Plateau

Geodetic measurements and intraplate kinematics
Earliest ground motion measurements in Yellowstone were from precise vertical leveling of benchmarks established in 1923 in conjunction with road construction. The benchmarks were resurveyed in 1975-76-77 by Pelton and Smith (1982) , who discovered the unprecedented uplift of the Yellowstone caldera by up to 75 cm (Pelton and Smith, 1982; Dzurisin and Yamashita, 1987) . These observations lead to the establishment of 15 permanent GPS stations that were installed in Yellowstone, the ESRP, and surrounding areas for the Yellowstone Geodynamics project beginning in 1996. In addition, GPS data from~160 campaign stations (supported by UNAVCO) were acquired in seven surveys (1987, 1989, 1991, 1993, 1997, 2000, and 2003) (Fig. 12) , (see Puskas et al., 2007 , for details of these field projects).
GPS velocities were determined by calculating changes in station coordinates over time to determine station velocities. Velocities were constrained to a North America fixed reference frame (Bennett et al., 2001) . In this reference frame, it is assumed that there is no deformation in the stable U.S. continental interior east of the Rocky Mountains. Our calculated velocities are with respect to the continental interior, also called stable North America.
The GPS derived velocity data were partitioned into multiple time windows to document temporal changes: 1987-1995, 1995-2000, 2000-2003, and 2004-2007 . The ground velocities for the first three time periods revealed notable deformation changes in horizontal and vertical components (Fig. 12) , with alternating subsidence and uplift of the Yellowstone caldera at up to 2 cm/yr, uplift northwest of the caldera, and regional extension of 2 to 4 mm/yr across the Hebgen Lake fault zone (Wicks et al., 1998; Puskas et al., 2007) . During the observing periods, stations southwest of the caldera and outside the aforementioned regions moved southwest, indicating regional extension with respect to stable North America (Fig. 12 ). Beginning in mid-2004, GPS and InSAR (Interferometric Synthetic Aperture Radar) measurements recorded an unexpected episode of caldera ground uplift at very high rates of up to 7 cm/yr, i.e., three times greater than previously observed deformation episodes (Wicks et al., 2006; Chang et al., 2007) (Fig. 13 , see also supplemental section).
On a regional scale, the eastern Snake River Plain adjacent to Yellowstone moved southwest at 2.4 ± 0.4 mm/yr from 1995 to 2000 . The southwest motion of the ESRP contrasts with the westward extension of the eastern Basin and Range and is part of a larger pattern of clockwise rotation in the direction of deformation of the western U. S. (Puskas and Smith, 2009 ). Puskas and Smith (2009) Fig. 11 . Stress field of Yellowstone and the eastern Snake River Plain illustrating dominant lithospheric NE-SW extension : (a) arrows are directions of stress in the YSRP determined from focal mechanism T axes, maximum tensional stresses (σ 3 ), slip directions of normal faults (ϕ), post-caldera volcanic vent alignments, and GPS-derived strain tensors; and (b) similar stress direction axis direction of the Yellowstone Plateau.
hypothesized that the southwest motion of the ESRP was driven by the gravitational potential gradient associated with the hotspot swell.
Magmatic sources of deformation
Volumetric strain modeling was employed to determine the configuration and depths of source bodies responsible for deformation of the Yellowstone caldera (see Vasco et al., 1988 Vasco et al., , 1990 for details of methodology). Surface motions, measured by leveling surveys between and InSAR between 1992 , were combined with the GPS data for 1987-2003 to constrain the source modeling.
For 1992-1995, the modeled volumetric decrease occurred along the caldera axis, between the two resurgent domes at 6 to 10 km depth (Vasco et al., 2007) . The deflation rate during this interval was 8.7 × 10 -3 km 3 /yr. For 1996-2000, caldera uplift was modeled by volume increase below the northwest caldera boundary at 6 to 10 km depth of 4.6 × 10 -3 km 3 /yr. Additional models from 2000-2001 and Fig. 12 . Crustal deformation of the Yellowstone Plateau from precise leveling and GPS observations (after Pelton and Smith, 1982; Puskas et al., 2007; Vasco et al., 2007 . This argues that the subsidence source originated within the upper part of the magma reservoir.
Similarly, source modeling of the 2004-2007 accelerated uplift suggests a near-horizontal expanding magma body over an area 40 × 60 km 2 at 9 km beneath the caldera, again ( Fig.   S1 ) located near the top of the seismically imaged crustal magma chamber (Fig. 13) . The estimated rate of volumetric expansion of 0.1 km 3 /yr for this uplift episode is similar to the magma intrusion rate required to supply the very high heat flow of~2000 mW/m 2 of Yellowstone (Fournier, 1989) . These are the first observations of caldera-wide magma recharge of the Yellowstone volcanic system.
Temporal correlation of earthquakes and deformation
The temporal correlation of Yellowstone earthquake occurrence with decadal episodes of uplift and subsidence from 1973 to 2006 is shown in Fig. 14. The change from uplift to subsidence in 1984-1985 notably coincided with Yellowstone's largest earthquake swarm in fall 1985 (Fig. 14) , prompting an examination of the causative relationships between seismicity and deformation. Waite and Smith (2002) first interpreted the seismicity migration rate and stress directions determined from nearly identical focal mechanisms to argue that the focused seismicity of the 1985 earthquake swarm was related to magmatic or hydrothermal fluid flow that originated from beneath the Mallard Lake resurgent dome. Fluid was transported to the northwest, inducing earthquakes once it reached the shallow brittle crust. The volume loss resulting as fluids escaped could be responsible for the change in caldera surface deformation from uplift to subsidence (Dzurisin et al., 1994) . Conversely, uplift would be produced by fluids trapped beneath a barrier such as the brittle-ductile transition zone (e.g., Fournier and Pitt, 1985; Dzurisin et al., 1994; Waite and Smith, 2002) or a stratigraphic boundary, leading to increased pore pressure and volumetric increase.
Following the 1985 caldera reversal, subsidence continued for a decade until 1995, when the caldera motion began a 5-year period of minor uplift followed by renewed subsidence until the sudden change to accelerated caldera uplift. At the inception of the 1995 uplift, seismicity began to increase until the onset of accelerated uplift in late 2004 (Fig. 14) . However, no other documented swarms showed the kind of migration of activity that the 1985 swarm did Farrell et al., 2009-this volume) .
These dynamic crustal processes lead to the natural question of how mantle features relate to and drive the crustal seismicity and deformation. The mantle structure and related geodynamics are the subjects of the next sections.
Mantle tomography
In this part of our discussion, we evaluate the traveltime delay data from teleseismic distant earthquakes that are used to provide new tomographic images of the Yellowstone hotspot upper mantle structure. The new mantle velocity models are derived from data acquired in the Yellowstone Geodynamics experiment. This consisted of 50 temporary stations and a 30-station telemetered array operated in two IRIS-PASSCAL-supported deployments, with additional data from 45 stations of the Yellowstone, Montana, and Utah regional seismic networks, a total of nearly 200 seismic stations. The seismic array was deployed in a 500 km by 600 km area centered on Yellowstone for a year, a distribution that was planned to acquire data that could resolve the velocity structure of the upper mantle (Figs. 4 and 7) . Seismograph spacing for our experiment was from 15 km to 35 km but was increased toward the edge of the array tõ 35 km. Initial tomographic models from the 1999-2002 data revealed a 60°west-dipping low P-wave low-velocity body of conduit shape that was interpreted as a shallow upper mantle plume to depths of 450 km (Waite, 2004; Waite et al., 2006; Yuan and Dueker, 2005) . We also note that the analysis of surface wave data revealed anomalously low shear-wave velocities of the shallow YSRP structure at the top of the plume at depths of 200 km . In this paper we apply a new optimized tomographic inversion scheme (Jordan, 2003; Wüllner et al., 2006; Barth et al., 2007) to the same data to image the upper mantle beneath Yellowstone to depths of 700 km. The advantage of the new methodology is that the teleseismic P-wave delays are constrained by independent data such as the seismic structure of the mantle discontinuity (Fee and Dueker, 2004) , the crustal structure of the Intermountain region (Lynch et al., 1997), the detailed crustal structure of Yellowstone , and the 2003 GEOID data anomaly. The seismic tomography method and model parameterization is described in the supplemental section 1 and Fig. S6 .
The teleseismic delay time data were taken from the earlier analysis of Waite et al. (2006) and included recordings of 152 earthquakes from the 84-station Yellowstone hotspot network. The seismic data were analyzed by direct interpretation and traveltime picking (Waite et al., 2006) , including assignment of uncertainties using the cross-correlation method of Van Decar and Crosson (1990) . The delay time data were sorted into three resolution and quality classes (±0.01 s, ±0.03 s and ±0.05 s). The level of uncertainties for these data was determined from the cross-correlation-analyzed traveltime data with a sampling rate of 40 Hz. However, as the inversion method relies on the relative weighting of the data and not on the absolute values of the data errors, it is possible to utilize these uncertainties as weights. The knowledge of absolute values of the data errors was thus not necessary.
Problematic data were eliminated, resulting in a total of 4890 Pwave traveltime residuals from the phases P, PKIKP, and PKiKP. P-wave traveltime residuals were calculated by subtracting the theoretical traveltime for each station location for the global one-dimensional P-wave velocity model, IASP91 (Kennett and Engdahl, 1991) from the observed traveltime. We did not employ the S-wave data in our new calculations, but used the S-wave results of Waite et al. (2006) .
A key objective in this study was data consistency, since the optimized parameterization can deal with the uneven ray distribution. To remove the effect of source mislocation and source structure, we corrected for the mean residual traveltime from all stations for each event. This results in relative traveltime residual data that show late arrivals of PKIKP and PKiKP phases associated with underlying low seismic velocities in three main regions: Yellowstone National Park, the ESRP, and the area NW of Yellowstone.
For the inverse modeling we employed the JI-3D optimized inversion scheme (Jordan, 2003) , designed to provide stable and highly resolved models both in the mathematical and spatial sense. The inversion method is based on a Bayesian approach (Tarantola and Valette, 1982; Zeyen and Achauer, 1997 ) that allows including a priori information, e.g., crustal structure and 1st-order discontinuities, in the inversion via an a priori covariance matrix. This is especially important since these features can have a significant effect on the observed delaytime data but usually cannot be resolved by teleseismic tomography.
The forward calculations of ray paths, traveltimes, and Frechet derivatives are based on standard ray theory. The full three-dimensional ray tracing is performed iteratively using a simplex algorithm adapted from Steck and Prothero (1991) . The chosen step length was 100 m and the cut-off for the simplex search 2 × 10 -7 s. We use 15 harmonics with initial amplitudes of 1 km. These settings are clearly optimized to yield maximum accuracy at the expense of computation time. Though there is an ongoing debate about the validity of standard ray compared to "banana-doughnut" ray theory in tomographic problems, our reconstruction test modeling as well as other studies that employed the JI-3D method (e.g., Keyser et al., 2002; Jordan, 2003; van der Hilst and de Hoop, 2005; Barth et al., 2007) show that the use of standard ray tracing provides adequate and realistic results. To reduce non-uniqueness and to improve stability of the inversion problem we implemented a variable optimized parameterization scheme (Jordan, 2003 ) (see supplemental section 2 for details).
Upper mantle tomographic inversion and resolution
Due to the nonlinear nature of the problem, we performed an iterative inversion of the P-wave delay data with up to four iterations. The a priori model variances and the damping parameters were determined by trial and error. We defined the optimum solution as a simple model that provides a large reduction of the data misfit.
Because of the stability of the method, a moderate change of the optimum damping merely changes the amplitudes but not the features of the model. Since the resolution depends on the ray distribution, which can change during the iterative inversion, we reexamined the resolution matrix to ensure that the model still provides optimum stability conditions, which implies that the diagonal elements of the resolution matrix still are "constant". Further details on the inversion scheme and image resolution and reconstruction tests are in the supplemental section 3 and Figs. S2-S5.
Reconstruction tests consist of forward calculations of a model data set employing a synthesized earth structure model and utilizing the same source and receiver distribution as in the Yellowstone seismic experiment (Waite et al., 2006 ) (see supplemental section 3). Gaussian errors were added to the synthetic data with realistic standard deviations and the data are inverted in the same way as the real data. The inversion result shows how an anomaly at the position of the synthetic input structure can be recovered in terms of location and amplitude and also shows possible smearing along main ray directions. Details and results of the reconstruction tests are discussed in Section 4.3 and in the supplemental section 3.
Seismic images of the Yellowstone hotspot mantle
Our new P-wave tomographic images (Figs. 15-17 ) reveal a prominent upper-mantle, low-velocity body beneath Yellowstone and high-velocity features in the surrounding regions. The amplitudes of the velocity anomalies are obtained from the difference between the maximum velocity perturbation of an anomaly and the background level in the respective layer. A key feature of our calculations was the ability to resolve velocity structure to~800 km.
We imaged a strong low-velocity body from~30 to 250 km directly beneath the Yellowstone caldera and from 30 to 100 km beneath the eastern Snake River Plain with P-wave velocity reductions of 1.8%. A similar feature is described by Waite et al. (2006) , who also found a -2.3% anomaly in their P-wave model and a -5.5% anomaly in their S-wave model.
A weaker and smaller-volume anomaly with more of a conduit shape and a P-wave velocity perturbation of~-0.75% is imaged from about 250 km depth beneath the caldera to 650 km depth at a positioñ 100 km WNW of the caldera and dipping 60°. This anomaly corresponds to -1% P-wave, and -2.5% S-wave anomalies (Waite et al., 2006) . The combined low-velocity anomaly is interpreted as a plume of partial melt that extends upward from the bottom of the mantle transition zone at~650 km and promotes small-scale convection in the uppermost 200 km of the mantle. We specifically note that there was no vertical velocity anomaly directly beneath Yellowstone deeper than 250 km.
In addition to the low-velocity plume structure described above, the inversion results show two additional blob-like low-velocity bodies along the conduit with P-wave velocity perturbations of~-0.5% in the transition zone in the layers labeled 428 km, 501 km, and 571 km in Fig. 15 . These depths correspond to the respective nodal layers. These structures are also recognizable in the last two model layers, below the transition zone.
The reconstruction tests (supplemental section 3) confirm that the anomalies shown in the tomographic model can be resolved reliably both in the upper mantle and the mantle transition zone. There is no indication that the imaged plume is significantly affected by vertical smearing along the predominant ray direction. According to the reconstruction tests, the resolved amplitudes are relatively low. Combining the results from the reconstruction tests in the upper mantle, we estimate a minimum -3% P-wave velocity perturbation between 30 and 200 km depth and a minimum -1% P-wave velocity perturbation between 200 and 650 km depth. However, we recognize that the P-wave velocity perturbation within the layer at 30 km depth is probably larger in a small area beneath the Yellowstone caldera. These values are included in the schematic representation of the geodynamic plume model in Fig. 18 .
Based on these reconstruction tests, the -0.5% isosurface in Figs. 17 and 18 can be considered to represent the~-1.0% P-wave perturbation level. We estimate the deviations of localized maximum Fig. 15 . P-wave velocity perturbation slices (% change from homogeneous background model) from tomographic inversion of teleseismic data for the Yellowstone hotspot (after Jordan et al., 2005; Waite et al., 2006) . Data consisted of P-wave arrivals of 115 earthquakes recorded at 85 stations with 4890 P, PKIKP and PKiKP arrivals. Maps are horizontal slices of P-wave velocity in % at selected depths with corresponding relative decrease (red) and increase (blue) velocities. Contours indicate the ±0.5%, ±1.0% and ± 1.5% perturbations. Note the low-velocity anomaly beneath Yellowstone is displaced to the west as depth increases. A high-velocity zone is located to the east of Yellowstone. Profile lines for Fig. 16 are shown in the 30 km and 330 km depth slices. amplitudes of the real plume structure from the minimum model as smaller than 1%.
The reconstruction analyses also show that we are able to resolve anomalies below the transition zone with amplitudes of -1% if they are in a well-sampled area. This implies that there is likely no vertical continuation of the low-velocity body of greater than 1% below the transition zone. This deduction is supported by the absence of local uplift of the 660-km discontinuity boundary, and no obvious continuation of the plume-like structure into the lower mantle in global tomography models (Montelli et al., 2004; van der Hilst and de Hoop, 2005) . However, a regional temperature increase below the transition zone, extending beyond the range of our model, would raise the 660-km discontinuity relatively evenly around Yellowstone. This would not be detectable using the relative traveltime residuals from our data set.
We also note a prominent high-velocity anomaly, + 1.2% V P and +1.9% V S , located at~50 to 200 km depth southeast of Yellowstone and beneath the thicker lithosphere of the stable interior. This area is above a region of prominent Laramide contractional folds and thrusts and part of the Precambrian core of North America. Yuan and Dueker (2005) and Waite et al. (2006) described this structure as potentially the down-welling arm of mantle convection, but the large-scale mantle-convection models (Section 6) indicate near-horizontal return flow in an easterly direction, so this anomaly may reflect a remnant structure of the tectosphere.
Mantle structure on a broad scale is revealed by whole-mantle tomographic images. The P-wave models of Montelli et al. (2004) and van der Hilst and de Hoop (2005) that pass through Yellowstone clearly illustrate the location of Yellowstone with a west-dipping lowvelocity (-1%) body extending to depths of < 1000 km. New mantle images emerging from the EarthScope USArray data (Xue and Allen, 2007; Burdick et al., 2008; Sigloch et al., 2008; Xue and Allen, 2009 ) also reveal a west-dipping low-velocity body to depths of~500 km. Xue and Allen (2009) noted discontinuous low velocity bodies that make up the plume image.
Our data reveal distinct "blobs" of rising melt of~150 km in length. Importantly, the Xue and Allen (2009), Burdick et al. (2008) , and Sigloch et al. (2008) USArray-derived seismic images reveal a discontinuous 0.5% to 1.2% low-velocity mid-mantle body to depths of up to 1000 km underlying most of the western U.S. including the Yellowstone plume. This pillow of low-velocity material may reflect . (a) NW-SE cross-section across western Montana and western Wyoming, and (b) NE-SW profile along the YSRP. Significantly these profiles reveal a 60°west-dipping low-velocity anomaly of up to -2.5%. The anomaly extends to at least 660 km in the NW-SE profile, but does not extend deeper than 200 km beneath Yellowstone in the NE-SW profile. Isolines are the -0.5%, -0.75%, -1.0% and -1.5% Pwave velocity anomaly levels. The location of the Yellowstone Plateau is marked with a "Y".
the deep underpinnings of the lithospheric thermal upwelling and extension of the Basin and Range province or a magmatic link to the lower mantle that our data could not resolve.
These tomographically imaged blobs in the mid-mantle may be the source of the upper-mantle Yellowstone plume. Permanent weak, but large-scale, heating below the 660-km discontinuity could lead to localized thermal instabilities in the transition zone that appear as blobs of lower velocity (see supplemental section 3). One or more of those blobs could have coalesced into the Yellowstone plume. The recent western U.S tomographic image of Burdick et al. (2008) reveals a -1% low-velocity body from 660 to~800 km beneath Yellowstone that is wider than our array could detect. This suggests that a thermal instability from this deeper body could leak blobs of melt into the transition zone.
Mantle and crustal magma systems
An important, but poorly understood aspect of the Yellowstone hotspot problem is the connection between the Yellowstone crustal magma body and the mantle plume source. The seismic structure of the lower crust and upper-most mantle is poorly constrained as a result of: (1) the lack of lower-crust seismic head-waves; (2) the lack of sufficient regional earthquakes recorded from 200 km to 1000 km distances required in these studies; (3) the lack of local to near regional earthquake sources deeper than the mid-crust,~16 km maximum depth; (4) the lack of resolution for teleseismic crossing rays; and (5) the lack of resolution of surface waves due to their inherent longer periods and hence longer wavelength resolving kernels.
However, some information bearing on this problem comes from a study using controlled source seismic refraction profiles. Lehman et al. (1982) recognized that the lower crust of Yellowstone was similar to that of the lower crust of the surrounding region, which has been primarily affected by compressional tectonism of the Laramide orogeny at 60-80 Ma. They evaluated the wide-angle reflector from the Moho boundary and found that the travel-times for equivalent ray paths inside and outside the Yellowstone caldera are essentially the same. This suggested that: (1) the lower crust was homogenous between the active area of Yellowstone volcanism and the surrounding Archean Rocky Mountain crust; and (2) magmas that propagated through the Yellowstone lower crust did not alter the velocity structure and thus the lower crust did not contain large bodies of remnant melt such as the well-resolved low-velocity body in the middle crust .
A mid-crustal high-velocity sill in the ESRP was identified by seismic refraction, seismic tomography, and receiver function studies Braile et al., 1982; Lynch et al. 1997; Peng and Humphreys, 1998; Schutt and Humphreys, 2004; and interpreted to be a series of gabbroic lenses inter-fingering with the granitic upper crust (see details of the ESRP mid-crustal sill gravity and seismic modeling by DeNosaquo et al., 2009, this volume) . This geometry and modeling of the velocity-density relationships yields a bulk composition comparable to diorite and a density of 2900 kg/m 3 . The high-density mid-crustal sill varies from 4 to 11 km in thickness, resulting in a series of SE-NW-trending gravity highs observed along the axis of the ESRP. The sill extends up to 20 km southeast of the ESRP, producing a corresponding asymmetry of the gravity field (DeNosaquo et al., 2009-this volume) . This suggests that basaltic mantle magma ascends buoyantly to mid-crustal depths, where it attains neutral buoyancy and spreads out as a province-wide sill.
On the basis of these generalized data, we hypothesize that magmas rise buoyantly from the plume source at~70 km depth through a vertically oriented plexus of basaltic dikes in the upper 30 km of the mantle. These dikes possibly pond magma at the Moho to produce underplating, but then continue ascending through the lower crust. As the mafic magma passes through the lower crust, it promotes melting of the surrounding silicic and granulitic host rock, which also ascends. The magma then differentiates into a mid-crustal magma body (Fig. 10) composed of basalt and rhyolitic melts.
Whether the lower crust flows laterally to accommodate the mantle magmas or whether there is a balance between the eruptive volumes and intruded volumes is problematical given the lack of quantitative relationships between the parental and erupted magma volumes, especially those of rhyolitic-basaltic mixes. For connections between the crust and mantle plume between 40 and 70-km depths, the seismic velocity data reveal a different velocity structure than the surrounding region.
Recent studies of the S-wave structure of the YSRP employed surface dispersion analysis (Waite and Smith, 2002; Stachnik et al., 2008; to produce a shear velocity model of the Yellowstone hotspot track crust and uppermost mantle. These studies corroborated the high-velocity mid-crustal layer, high-velocity lower crust beneath the Yellowstone caldera, and low-velocity upper crustal body beneath the Yellowstone caldera. These results are similar to the findings of others Yuan and Dueker, 2005; Waite et al., 2006) . As in the Lehman et al. (1982) study, the lower crust was similar in thickness to areas outside the YSRP. All these studies suggest that the ESRP lower crust may have flowed laterally up to 50-80 km from the YSRP and the seismically quiescent region inboard of the tectonic parabola. They also noted that the ESRP mantle lithosphere has been thinned to about 28 km thickness by the plume's transport of heat and magma ascent.
Geodynamic plume modeling
Our tomographic image provides key information for parameterized dynamic modeling of the Yellowstone plume. Geodynamic models were analyzed for the effects of temperature, seismic attenuation, anisotropy, composition and the presence of water or melt on seismic velocity and density (Figs. 18 and S7) . Following the work of Karato (1993) , temperature is the main source of seismic velocity perturbations in the upper mantle if no heterogeneities in chemical composition are present. , for wet and dry models of Cammarano et al. (2003) and Cammarano and Romanowicz (2007) . Q p is the relative attenuation of seismic waves for P-and S-waves modified for Yellowstone by Clawson et al. (1989) and converted to Q s by standard methods.
While anisotropy can have a significant effect on seismic traveltimes, it is neglected in this study because the olivine fast axis orientation is approximately unidirectional . In this case, all compressional P-wave traveltimes from any one event are equally affected. Therefore we concentrate on temperature and composition in terms of the presence of water and melt.
To assess the dynamic properties of the imaged plume, we employed the thermodynamic models of Cammarano et al. (2003) and Cammarano and Romanowicz (2007) with the constraints of our velocity and seismic attenuation models. We realize that our geodynamic plume model is for a one-dimensional case, while we have parameterized data from a three-dimensional structure, but this model should have little effect on the overall dynamic processes given the steep dip of the imaged plume.
Following Cammarano et al. (2003) , we first derived models for attenuation for P-waves (Q p ) and S-waves (Q s ) and temperatures in a two-step procedure for dry regimes (Fig. S7 ). An anelastic model was employed in terms of depth-dependent Q s -values from the melting curves and temperatures along the geotherm. These Q s -values then were transformed into Q p -values (Anderson and Given, 1982) based on the comparison of compressional and shear wave velocity contrasts by Waite et al. (2006) . In the next step we calculated the partial velocity derivatives (Fig. S7) , following the work of Karato (1993) on olivine polycrystals at upper mantle temperatures and pressures. These values were used to estimate the changes in velocity with temperature for a given attenuation or quality factor, respectively, so that the velocity changes can be modeled and excess temperatures derived as in Fig. 18 (see supplemental section 4) .
For a hypothesized water-saturated rock regime, we employed Karato and Jung's (1998) formulation of the effect of water on the seismic velocities by enhancing anelastic relaxation and by lowering the melting point for 2-3% water in the transition zone (Karato and Jung, 1998) . We examined the excess temperatures and attenuation properties that can produce the observed reduction in Pwave speed.
Considering the imaged low-velocity zone as a plume conduit consisting of an upwelling of hotter mantle originating in the transition zone, the plume will carry water up into the upper mantle. The effects are decreased viscosity, lowered melting point, and, when the solidus is reached, partial melting. This process will remove water from the solid minerals and therefore increase shear modulus and seismic velocity (Karato and Jung, 1998) . Dehydration will reduce the negative effect of increased temperature on the seismic velocities.
Since seismic wave propagation is more affected for S-waves than for P-waves, the dehydration may compensate for the temperature effect on S-wave velocities. Waite et al. (2006) observe such a "hole" in their low-velocity zone at about 200 km depth in their S-wave model but not their P-wave model. This is consistent with findings from Kawamoto and Holloway (1997) .
Thus partial melting and dehydration may be responsible for the rapid increase in size of the Yellowstone plume above 200-250 km depth. We estimate the attenuation in terms of Q-values (Q is the seismic attenuation constant) for this case following Karato and Jung (1998) who find Q wet = 2.5•Q dry , based on the enhanced creep rate and frequency dependence. This is consistent with empirical models from Jackson et al. (1992) for dunite composition.
We also calculated the corresponding partial derivatives of velocity with temperature (supplementary data, Fig. S7 ) and estimated excess temperatures. Ignoring the effect of the partial melting process, we find excess temperatures of 145-168 K in the uppermost mantle, 60-72 K in the lower upper mantle, and 78-85 K in the transition zone, i.e., a relatively cool thermal regime (see Fig. 18 ). However, partial melting can lower the compressional wave speed between 1.8% (Faul et al., 1994 ) and 3.6% per 1% partial melt. Consequently, the amount of partial melt in the uppermost mantle has to be far less than 1%. Assuming 0.5% melt and the relation of Hammond and Humphreys (2000) , this will account for 1.8% velocity reduction leaving -1.2% as a temperature effect.
Our observations and models agree well with the "spout" plumes derived by Farnetani and Samuel (2005) , who predicted widespread magma ponding beneath the transition zone and only a narrow tail with 120-180 km diameter and 100-150 K excess temperatures. Moreover, this model also matches the global tomography model by Montelli et al. (2004) and explains our observations of "blobs" of melt in the transition zone. However, our estimated excess temperatures, dry and wet state, are lower than the -200 K determined by Fee and Dueker (2004) from lateral variations of the 410 km discontinuity and for similar calculations by Waite et al. (2006) and and attest to a cool mantle plume.
Deflection of the Yellowstone plume in large-scale mantle flow
Guided by the tomographic images of the tilted Yellowstone upper mantle body and mantle properties derived from the geodynamic model, we evaluated the effect of mantle flow on the orientation of the hypothesized plume. Here we contrast the predicted plume conduit shapes for various modeling assumptions with our upper mantle Yellowstone tomographic plume model. We also compare the predicted hotspot track with geometry and age progression of volcanism along the Snake River Plain, the presumed track of the Yellowstone hotspot (e.g., Smith, 1977; Morgan, 1990, 1992; Braile, 1993, 1994; Pierce et al., 2002) .
The general features of plume models have been explained by Steinberger and O'Connell (1998) . Regarding specific parameters and characteristics, we follow the work of Steinberger and Antretter (2006) , which has been extended to 44 hotspots around the world (including Yellowstone) by Boschi et al. (2007) . While the full model description is given in these papers, we are here mostly interested in the plume conduit in the upper mantle, and thus give a simplified description.
If we disregard time dependence, lateral variations, and the vertical components of large-scale flow, we expect that the conduit becomes tilted if the horizontal mantle flow velocity at depth z, v(z), differs from flow v(z 0 ) at source depth z 0 . More specifically, if conduit ascent speed at depth z is v r (z), the conduit takes a time dt = dz/v r (z) to rise through a layer of thickness dz. During this time, it will get displaced relative to the source by an amount dx
Integrating from depth z 0 to depth z thus yields a total displacement
For a source depth at the upper-lower mantle boundary, this implies that conduit tilt should be in the direction of upper mantle flow, relative to flow at source depth, and that the tangent of conduit tilt should be the same order of magnitude as the ratio of horizontal upper mantle flow, relative to flow at source depth, to buoyant rising speed. Under these simplifying assumptions, the shape of the conduit remains constant, but the conduit moves with the flow at source depth. The predicted azimuth and age progression along the hotspot track thus depends on the difference vector between plate motion and flow at source depth.
However, if we initiate the computation with a vertical conduit, the effect of the conduit being progressively tilted by mantle flow introduces a further component of hotspot motion in the direction of upper mantle flow until steady state is reached. If a deeper source depth such as the core-mantle boundary is assumed, then steady-state is not reached and the conduit will experience tilting in both the lower and upper mantle, with different directions and magnitudes of tilt at depth depending on differences in mantle flow, thus contributing an additional component to hotspot motion.
There are various parameters influencing flow in the mantle, but the largest uncertainties arise from variations in the mantle density models derived from seismic tomographic velocity models, subduction history, and viscosity structure. We use different models to obtain a realistic range of flow and plume conduit shape predictions, and consider several models of plate motion for hotspot track predictions.
Computation of large-scale mantle flow is done with the method of O'Connell (1979, 1981) , employing prescribed plate motions as surface boundary conditions and internal density heterogeneities, both expanded in spherical harmonics, to compute flow. Density variations are inferred from global S-wave tomography models "Smean" (Becker and Boschi, 2002) , SAW24B16 (Megnin and Romanowicz, 2000) and TX2007 (Simmons et al., 2006) following Steinberger and Calderwood (2006) or from subduction history (Steinberger, 2000b) .
An example of a flow model is shown in Fig. 19 . Computed upper mantle flow in the vicinity of Yellowstone is eastward. This eastward flow is part of a large-scale convection cell with upwelling beneath the Pacific Ocean and downwelling beneath the central and eastern U.S. (Fig. 19) (Bunge and Grand, 2000) . The viscosity model primarily used in our models (VM1) was derived by Steinberger and Calderwood (2006) and was based on fitting the geoid and other observational constraints and is consistent with mineral physics. VM2 is a simpler model (Becker et al., 2006 ) also used in our mantle flow computations. Specifics and parameters of the flow model follow Steinberger and Antretter (2006) . This eastward flow in the upper mantle provides a first indication that we should expect an eastward-tilted Yellowstone plume conduit (i.e., coming up from the west). Fig. 20 shows that this eastward flow component is strongest in the upper mantle and transition zone but decreases with depth until the bottom of the transition zone at 660 km. The flow direction and depth dependence are general features common to a large number of models. However there are variations among the models, with flow direction ranging between southeastward and northeastward, and variable flow speeds.
For the preferred model of Steinberger and Antretter (2006) , plume conduit radius in the upper mantle and transition zone is about 100 km, and buoyant rising speed increases from about 2 cm/yr at a depth of 660 km to 10 cm/yr at 400 km and remains approximately constant through the upper mantle. Total rise time from a depth of 660 km is about 12 Ma, about 75% of the~16 Ma year history of the YSRP. Given typical upper mantle horizontal flow speeds (relative to flow at 660 km) of a few cm/yr (see Fig. 20 ), we expect a conduit tilted by a few hundred kilometers, and that the surface plume position is displaced relative to the position at a depth of 660 km approximately towards the east, between southeast and northeast.
Out computations confirm this expectation. Fig. 21a shows results for the case of plumes originating from a 660 km depth with no assumptions about the initial conduit made, i.e., all conduit elements originate at depth 660 km and the plume conduit is already tilted when the plume first reaches the surface. Tilts are in directions similar to upper mantle flow, and amounts of tilt vary between less than 100 and~250 km. Differences between predicted hotspot tracks and the corresponding fixed-hotspot track, shown in Fig. 20 , approximately correspond to the amount of plume source displacement due to the horizontal flow component at a depth of 660 km. Differences between this case and the simplified model above are due to time dependence and the vertical component of the flow field.
Computed tilts are somewhat greater (~150 to 400 km), but generally in the same direction in the case shown in Fig. 21b where plumes rise from the lowermost mantle with an initially vertical conduit (at 15 Ma). This larger tilt can be attributed to the cumulative effect of tilting in the lower mantle added to tilting in the upper mantle. For the plume model based on tomography model SAW24B16, both direction and amount of predicted tilt approximately agrees with the tomographic observations reported here (Figs. 15  and 16 ). Computed hotspot tracks for the case of a whole-mantle plume tend to be longer (i.e. with the predicted 16 Ma location further from Yellowstone) than in Fig. 21a . This is due to the effect of the initially vertical conduit becoming tilted in the upper and lower mantle.
For models with an initially vertical conduit and plume initiation ages older than 16 Ma, the predicted age progressions become more similar to that shown in Fig. 21a as the "blowing over" effect of upper mantle flow causes the conduit shape to converge with the initially tilted plume models. In the case of plumes rising from the lowermost mantle, the predicted conduit tilt becomes stronger with greater age, as flow in the lower mantle contributes to the total tilt.
In the case of a plume rising from a depth of 660 km but with initially vertical conduit (not shown), predicted tracks are very similar Steinberger et al. (2004) . Gray shaded areas represent provinces of Quaternary volcanism in the Columbia Plateau and eastern Snake River Plain (Suppe et al., 1975) . The lower panels show the projection of the plume conduits into map view and plume displacement with depth. Colored lines correspond to mantle flow models from to Fig. 21b , because in both cases the effect of the initially vertical conduit becomes "blown over" by the horizontal upper mantle "wind" is important.
We find the best agreement between predicted and observed azimuth and age progression of the hotspot track can be achieved with eastward flow in the upper mantle. The agreement between predicted and observed conduit shape can best be achieved with southeast flow. Moreover the amount of observed tilt can be better matched with our models by having the plume originate in the lower mantle. However, a larger tilt can also result from a slower buoyant rising speed and smaller conduit diameter.
Increasing temperature dependence of viscosity could decrease the conduit rising speed and diameter. Such a stronger temperature dependence would for example result if a linear stress-strain relationship (diffusion creep) was assumed in the upper mantle rather than dislocation creep with a non-linear stress-strain relationship with stress exponent n = 3.5 (as done by Steinberger and Antretter, 2006 , whose model we adopt here). Values for conduit diameter (about 100 km; Fig. 16 ), buoyancy flux (250 kg/s, Section 8), and excess temperature (~120 K) inferred in this paper are all smaller than those adopted in the modeling (~200 km, 2000 kg/s, 200-250 K) following Steinberger and Antretter (2006) and Boschi et al. (2007) . Changing to the parameters inferred in this paper would lead to a substantially smaller conduit rising speed and thus larger tilt in the same direction according to Eq. (1).
To emphasize the effect of the mantle flow on plume conduit tilt, we plot in Fig. 22 the flow and conduit for a lowermost mantle plume source from an earlier model superimposed on a background of S-wave velocity structure (Steinberger, 2000a) . For this model the plume origin would be at longitude 120°W, beneath Oregon and displaced 800 km west of Yellowstone. The modeled plume location at~660 km depth is at~115°W, beneath the Oregon High Lava Plains and the Columbia Plateau flood basalt field. The modeled plume position at the base of the transition zone implies that the plume would have had to initially rise nearly vertically through the upper mantle to produce the Columbia River flood basalts at 17 Ma.
Yellowstone geoid anomaly
The Earth's topographic field responds to lithospheric density loads but, along with the long-wavelength gravity field, also reflects deeper mantle sources. To analyze the contribution of mantle sources, we examine the Earth's geoid field. Most of the local geoid features are due to topographic variation, but deep density variations form an important source of the Yellowstone anomaly. The large-scale isostatic properties of the YSRP can be seen in the GEOID03 model for the U.S. (Fig. 23) . The model was constructed from a combination of gravity data and orthometric heights determined by geodetic surveys with the resulting equipotential surface reflecting an amalgam of topographic relief and density variation within the Earth (Milbert, 1991) .
We parameterized the geometry and density of the Yellowstone geoid model by converting the velocity perturbation structure of the Fig. 22 . Cross-section of western North America mantle S-wave velocity structure (cool colors are relatively fast and warm color are higher velocities) from mantle tomography (Su et al., 1994) . Mantle flow directions and velocity represented by vectors. Yellowstone mantle plume is superimposed as thick orange line, with hypothesized lower mantle extension shown as a dashed line. The red "Y" marks the surface location of the plume. Yellowstone plume to density variations as a starting model. While the separate derivation of density structure from either velocity perturbations or geoid data is highly non-unique, the combination of both leads to a more constrained solution. Details of the geoid modeling are given in the supplemental section 4.
Forward modelling of the density variation was done on a twodimensional profile A-A' crossing the Yellowstone hotspot from NW to SE (Fig. 23a ). The density model was initially divided into nine bodies extending from 14 km to 660 km in depth, but only the top four layers were found to contribute significantly to the model (Fig. 23b) (Table 1) . Each body had a specified velocity perturbation based on the results of the reconstruction tests from the tomographic inversion. Since the true background velocities of the tomographic model are not known, the absolute velocity perturbations are based on the whole-Earth velocity IASP91 P-wave velocity model. 80 000 forward models were run with varying B-value combinations.
We interpret the B-values (the ratio of velocity to density contrast perturbations) to thus reflect density decreases of 1.3% to 3.6% in the upper part of the plume relative to the commonly assumed density of 3400 kg/m 3 of the upper mantle (Table 1 ). The largest density anomaly is in the upper mantle at depths of 150 km to 170 km, the same depth range as the velocity anomaly.
As the temperature reaches the melting point, the seismic velocities decrease rapidly, while the densities decrease slowly, resulting in increased B-values (Schmitz et al., 1997) . We interpret the models to indicate that partial melt is present in bodies 1 and 2, but this interpretation is less justified for bodies 3 and 4. Since the absolute velocities and densities are not known we do not determine the absolute percentage of partial melt here. However, modelling of relatively high B-values in bodies 1 and 2 (14 km to 110 km depth) and consistently lower B-values in bodies 3 and 4 (110 km to 285 km depth) indicate significant differences between those two regions within the plume (Table 1) . This correlates well with our interpretation of a plume in a wet state, where partial melt is present in the uppermost part of the plume. Below 110 km, the plume was dehydrated by the melting process, reducing the negative effect on the amplitudes of seismic velocity perturbations but only slightly changing the density variations, i.e., reducing the B-values.
Our B-value calculations thus predict a relative low-temperature excess of the Yellowstone plume of 70 K to 250 K, averaging 150 K depending on the relative hydrous content (Fig. 18) . These values compare to excess temperatures averaging~250 K for the Hawaii and Iceland plumes and lead to the important conclusion that the Yellowstone plume is weak and correspondingly cool.
Effects of mantle on the overriding lithosphere
On a global scale, we compare our hypothesized Yellowstone plume with other hotspots by computing the buoyancy flux using properties derived from tomographic models after the method of Ritter (2005) (Fig. 24) . The buoyancy flux is estimated from the width and elevation of the hotspot topographic or bathymetric anomalies, velocity of the overriding plate, and excess plume temperature (e.g., Davies, 1988; Sleep, 1990 Sleep, , 2006 . Given the small (<150 K) excess temperatures predicted for a dry mantle with low Q (estimated jointly from the V P and V S models), the Yellowstone buoyancy flux is at least one order of magnitude lower than previous estimates (Sleep, 1990; Braile, 1993, 1994; Lowry et al., 2000; Nolet et al., 2006; Stachnik et al., 2008; . Likewise the Yellowstone buoyancy flux is estimated to be an order of magnitude lower than its oceanic counterparts below Iceland and Hawaii, which have flux values of 1.4 Mg/s and 8.7 Mg/s, respectively (Sleep, 1990) . At 0.25 Mg/s, Yellowstone is comparable to the other continental hotspots with weak flux, calculated by Ritter (2005) to be 0.09 Mg/s at Eifel and 0.7 Mg/s at the Massif Central. A main consequence of such a weak flux is that the low volume of ascending magma and reduced excess temperature together produce less melting. The results are a lower plume buoyancy and reduced impact on lithosphere uplift and magmatic volume (Waite, 2004 ).
An alternate interpretation of a volcanic source for Yellowstone that cannot be ruled out is that the upper mantle velocity anomaly may be caused by magma rising in a weak or thinned lithosphere. If the lithosphere has been eroded along a preexisting structural weakness, then the upwelling could follow the path of least resistance to the surface. This idea has been invoked by some researchers to explain the dynamics of the Yellowstone system without a plume (e.g., Smith and Sbar, 1974; Smith, 1977; Favela and Anderson, 2000; Dueker et al., 2001; Christiansen et al., 2002) . The nature of the structural weakness varied: (1) Smith and Sbar (1974) proposed a transition from the Northern Rocky Mountains to Basin and Range lithospheric microplates, which had differential motion; (2) Smith (1977 Smith ( , 1978 proposed a continental triple junction in northern Nevada, with the YSRP corresponding to a propagating rift arm; and (3) Christiansen and McKee (1978) proposed a right-lateral transform Fig. 24 . Comparison of buoyancy flux, plume radii and excess temperature estimates for oceanic and continental plumes. White circles approximate the uncertainty. Radius and excess temperature estimates of Eifel (E), Massif Central (MC), and Yellowstone (Y) from tomographic images are used to estimate the buoyancy flux using the method of Ritter (2005) . The buoyancy fluxes for Iceland (I) and Hawaii (H) are taken from Sleep (1990) . Calculations are for a mantle temperature of 1300°C. boundary below the YSRP. These models were based on the location of the YSRP coinciding with the transition from the Basin and Range province to the south and the Northern Rocky Mountains to the north. Other authors (Thompson, 1977) suggested upwelling mantle diapirs associated with Basin-Range opening. A nonplume hypothesis for hotspot volcanism argues that it is related to shallow processes such as intraplate deformation of nonrigid plates and compositional variability in the upper mantle from de-homogenizing processes at ridges and subduction zones (Anderson, 2000; Foulger, 2002) . A new compendium on a wide variety of plume and plate processes is given in Foulger et al. (2005) .
The Yellowstone velocity anomaly in the upper 200 km is much larger than the anomaly in the range of 200 to 400 km depth. This type of contrast between the upper and lower 200 km of the upper mantle is not seen at Iceland or Eifel. It is possible that small-scale convection in the uppermost mantle may bring material up from greater depths below the YSRP. In fact, it may be necessary to draw material up, since the melt-depleted residuum is not expected to cycle back through the convection cell. It spreads laterally instead, making room for more mantle material to rise up. The widespread lithospheric extension of Basin-Range also enhances the effect and creates space for mantle to ascend.
Analog models of mantle plumes by Whitehead (1982) showed that for a viscoelastic media, plumes rise vertically. However, if the ascending material were tilted over by more than 60°from the horizontal, then the plume would break off from the original conduit source, leaving a single, tilted feature that Whitehead (1982) called a "plumelet". Steinberger and O'Connell (2000) constructed global maps of hotspot tracks in laterally varying large-scale mantle convection models and found that for their preferred models, plume conduits beneath the western U.S. would have a 60°tilt from the vertical, cutting off the heads of pre-existing plumes. Thus Yellowstone may be a beheaded remnant of a stronger plume that could have originated at the core-mantle boundary but was cut off by the high angle of tilt, leaving melt from a shallow thermal source in the transition zone. The remaining material would have a low buoyancy flux characteristic of a weaker plume.
A model of Yellowstone plume-fed upper mantle convection is still our best explanation of the observed seismic images and geoid models. However, alternate models argue for buoyant decompression with melting instabilities in an extending lithosphere above regions of partially molten upper mantle with lower than normal horizontal stresses (Lowry et al., 2000; Hernlund et al., 2008) . These models have been proposed to account for some characteristics of intraplate volcanism in extensional lithospheric regimes including Yellowstone. Such models do not require spatially and temporally correlated volcanism and lithospheric extension but may account for localized volcanic activity accompanying Basin and Range extension in the western United States. We suggest that our seismic images of a conduit of melt from~660-km depth argue for a plume geometry, not a shallow planar zone of decompression melting.
The well-known 87 Sr/ 86 Sr= 0.706 boundary (Farmer and DePaolo, 1983) separates accreted oceanic lithosphere to the west from continental cratonic lithosphere to the east (Fig. 2) (Piper, 1974; Burchfiel et al., 1992; Weil et al., 1998) , when a new ocean basin opened to the west and a passive margin developed at the western margin of the ancestral North America continent. Starting with the Antler orogeny in the Devonian (Burchfiel et al., 1992) through the Laramide orogeny in the Jurassic (Coney, 1978) , complex tectonic interactions led to the accretion of island arcs and allochtonous terranes that would become western Nevada, California, Oregon, and Washington.
This boundary is also marked by sharp decreases in the normalized isotope ratios ∑Nd and ∑Hf found in Yellowstone silicic magmas, indicating a decrease in the mantle component of erupted materials (Nash et al., 2006) . For hotspot volcanism that progressed from accreted to cratonic terrain, there was a fundamental change in magma composition, eruptive frequency, and temperature in association with the change in overriding lithosphere (Armstrong et al., 1975; Morgan, 1990, 1992; Hughes and McCurry, 2002; Perkins and Nash, 2002) . The configuration of subducting slab and thin oceanic lithosphere and thick continental lithosphere in the Pacific Northwest has important implications for the evolution of Yellowstone hotspot volcanism.
In Figs. 25 and 26 we illustrate the conceptual idea of time-spatial evolution of the YSRP in terms of the plume-plate interaction model. The plot is for a fixed mantle source under the southwestward moving North America plate. The original voluminous plume head rose vertically from the deep mantle and became entrained in westward return flow driven by the eastward subduction of the Juan de Fuca plate. The relatively weaker and thinner oceanic lithosphere allowed the plume head to spread out and protected the plume from the eastward currents that dominated upper mantle convective return flow below the thicker continental lithosphere to the east. As the North America plate progressed southwest it encountered the much thicker continental lithosphere and lost the protection of the back-arc geometry from large-scale mantle flow. Several authors Morgan, 1990, 1992; Camp, 1995; Perkins et al., 1998; Pierce et al., 2000; Hughes and McCurry, 2002; Nash et al., 2006) have suggested that the transition from accreted to cratonic lithosphere and a shift from westward to eastward mantle flow occurred at the Oregon-Idaho border. Here a plume with a conduit diameter of~70 km as derived from our seismic tomography (compare Fig. 16 ) (see also Nash et al., 2006) became caught in the mantle return flow, tilting it and smearing out the magma against the overriding lithosphere. This process was responsible for the YSRP hotspot track.
A further consequence of this model would be the southward offset of volcanism over time relative to the initial upper-mantle plume head source. The original Yellowstone-related studies by Pierce and Morgan (1990 , Nash et al. (2006) , and Camp and Ross (2004) argue for a widely distributed area of initial silicic volcanism over southeastern Oregon with the possibility of plume origin for the Columbia River basalt group (Armstrong, 1978; Brandon and Goles, 1988; Hooper and Hawkesworth, 1993; Geist and Richards, 1993; Camp, 1995; Takahahshi et al., 1998; Pierce et al., 2000; Camp and Hanan, 2008) . That is, later Yellowstone volcanism was offset to the south of initial volcanism in eastern Oregon. However, if we assume a linear track for the North America plate over the base of the plume at 660-km depth as well as the top of the plume, then the trace of the mantle source follows a southwest trend beneath the northern Rockies and the Idaho Batholith, ending below the western Snake River Plain, notably~150 km north of the originally defined beginning of the YSRP, at the McDermitt volcanic field in Nevada (Glen and Ponce, 2002) (Fig. 26) . Our resulting image of the Yellowstone plume is consistent with the eastern Oregon-Washington state area hypothesized to be affected by the plume head (Duncan, 1982; Morgan, 1990, 1992; Camp, 1995; Pierce et al., 2000; Glen and Ponce, 2002; Camp and Ross, 2004; Shervais and Hanan, 2008) . This area encompasses much of the silicic volcanic area of the Oregon High Lava Plains and the southern part of the Columbia Plateau flood basalt field. This suggests that Columbia Plateau basalt deposition that began at~17 Ma may have had a common mantle source with the YSRP, i.e., both fueled by the Yellowstone plume. This concept is also corroborated by the geochemical analysis of Hanan et al. (2008) who noted that the Steens basalt eruptive center might have been an early eruptive phase of the Columbia River basalts and is also located near our modeled location of the Yellowstone plume head at 17 Ma.
Concluding remarks
The Yellowstone hotspot results from interaction of an upper mantle plume with the overriding North America plate. Sub-lithosphere ponding of hot, low-density material results in a large topographic swell over the continental part of the hotspot track. Kinematically, the plume magma is sheared to the southwest against the southwest moving North America plate (Lowry et al., 2000) , producing an elongate plume head beneath the ESRP and Yellowstone. Regionally, lithospheric extension driven by the high gravitational potential (GPE) related to the high elevation of the Yellowstone plateau results in SW motion of the YSRP (Puskas and Smith, 2009 ) that becomes part of a larger kinematic pattern of clockwise rotation of the western U.S.
Our results confirm that the Yellowstone Plateau volcanic field is the locus of the highest level of seismicity in the Rocky Mountains. It has experienced the largest historic, and deadly, earthquake, the 1959 M7.5 event, of the Intermountain region. Local earthquake tomography images of Yellowstone confirm a low-V p magma body beneath the 0.64 Ma Yellowstone caldera at 8-16-km depth, with 8-15% melts, i.e. the Yellowstone magma reservoir. Heat flow of 2000 mWm -2 and Yellowstone's Quaternary silicic volcanism from this crustal magma system drives hydrothermal activity across the Yellowstone Plateau. Contemporary deformation of the Yellowstone caldera determined from geodetic measurements reveals an energetic system dominated by Basin-Range lithospheric extension of up to 4 mm/yr with superimposed volcanic uplift and subsidence with average rates of 2 cm/yr. The caldera has experienced an unexpected episode of accelerated uplift from 2004 to 2009 at up to 7 cm/yr that is attributed to magmatic recharge of the crustal magma system. Teleseismic tomography employing V p inversion imaged a P-wave low-velocity body from 80 to 250-km depth vertically beneath Yellowstone, but continuing at a tilt of 60°from the vertical to the bottom of the transition zone at 660 km, 150 km northwest of Yellowstone. We interpret this conduit of melt to be the Yellowstone plume. Dynamic models of the plume reveal excess temperature of 85-120 K and up to 2.5% melt with a buoyancy flux of~0.25 Mg/s, several times smaller than oceanic plumes. This implies the Yellowstone plume is weak and cool.
Employing the inclined plume-geometry and plate motion history, we extrapolate the hotspot track southwestward over the upper mantle-source to an initial position at 16 to 17 Ma. This position is beneath eastern Oregon and the southern part of the Columbia Plateau flood basalt field, suggesting a common source for the entire YSRP system (Fig. 26) . Our model is consistent with the original plume head rising vertically behind the subducting Juan de Fuca plate, but at 12 million years it encountered cooler continental lithosphere and horizontal mantle flow, imparting the observed westward tilt.
Although this paper addresses new research findings to produce an integrated analysis of the Yellowstone plume and volcanic history of the Yellowstone hotspot, several issues remain to be addressed. The dynamics and plumbing of magma generation in the upper mantle and its subsequent transport from the tilted plume through the lithosphere into the upper crust has not been resolved. The mantle plume contributes to the Yellowstone topographic swell and geoid anomaly, but the processes through which the plume contributes to regional extension at the surface and enhances magma emplacement requires further study.
The widespread Yellowstone hydrothermal activity is driven by heat from a shallow crustal magma reservoir, but the processes of heat and fluid transport are poorly understood. More work needs to be undertaken to evaluate the spatial distribution of Yellowstone thermal features, temporal changes in thermal activity, and the thermal and mechanical connections between surface features and crustal magma. Understanding the processes of changes of Yellowstone caldera magmatic transport (i.e., magma intrusion, dike injection, escape of volatiles, etc.) and how they contribute to local deformation requires further quantitative analysis. Moreover stress interactions between faults and the volcanic system at short and long time scales and their effects on earthquake and volcano hazards remain poorly understood but are a key research goal. These topics provide opportunities for investigation and quantitative modeling of the interaction between geochemical and geophysical characteristics of the Yellowstone hotspot.
In conclusion, it is clear that the Yellowstone plume has had a profound effect on much of the western U.S. interior with hotspotdriven Cenozoic volcanism affecting lithospheric structure, stress state, deformation, and topography. Hotspot volcanism has produced the geology and environment that was used as the basis for designating the world's first national park of Yellowstone National Park, highlighting its world-renowned hot springs and geysers. These thermal phenomena are driven by extraordinarily high heat flow that in turn is caused by its active crustal magma and upper mantle sources (A 3D animated image of our Yellowstone plume body from our data can be downloaded from our supplemental electronic section 1).
Our results demonstrate the kinematics and dynamic properties of the Yellowstone hotspot leads to the recognition of its "a living, breathing, shaking" caldera and the overall volcanic and tectonic processes of Yellowstone hotspot emphasize that view that it is truly "A Window into the Earth's Interior". 
